Introduction
============

Nasopharyngeal cancer is a prevalent malignant tumor with a high rate of incidence in China and Southeast Asia ([@b1-ol-0-0-5694]--[@b3-ol-0-0-5694]), however the incidence of nasopharyngeal cancer is low in western countries ([@b3-ol-0-0-5694],[@b4-ol-0-0-5694]). Metastasis to the lymph nodes or to the bone, lung and liver often occurs in patients with nasopharyngeal cancer ([@b5-ol-0-0-5694],[@b6-ol-0-0-5694]), which is the main cause of mortality and also serves as a marker for poor prognosis.

Cancer stem cells are a type of cancer cells that possess the biological characteristics of stem cells. They are resistant to cellular apoptosis, and thus have tolerance to chemotherapy and radiotherapy ([@b7-ol-0-0-5694]). Cancer stem cells are regarded as a main cause for the formation and the recurrence of nasopharyngeal cancer.

CXC chemokine receptor 4 (CXCR4) is a receptor of stromal cell-derived factor-1 (SDF-1). CXCR4 is overexpressed in various types of cancer, including esophageal and renal cell carcinoma ([@b8-ol-0-0-5694],[@b9-ol-0-0-5694]), and has a close association with the proliferation, metastasis, angiogenesis and tolerance induction of cancer cells ([@b10-ol-0-0-5694]--[@b17-ol-0-0-5694]). CXCR4 is expressed at high levels in nasopharyngeal cancer ([@b18-ol-0-0-5694]). Previous studies have demonstrated that CXCR4 has a close association with the growth and metastasis of nasopharyngeal cancer ([@b19-ol-0-0-5694]), and is also associated with the poor survival rate associated with nasopharyngeal cancer ([@b18-ol-0-0-5694]).

There are numerous studies that have focused on the effect that CXCR4 has on various types of tumor. However, the association between CXCR4 and nasopharyngeal cancer stem cells remains to be elucidated. The present study investigated the effect of CXCR4 knockdown on the viability, apoptosis and invasion of nasopharyngeal cancer stem cells. The results of the present study lay the theoretical basis for the additional study of cancer stem cells and also provide a novel therapeutic target for the treatment of nasopharyngeal cancer.

Materials and methods
=====================

### Cell culture

The human nasopharyngeal carcinoma CNE-2 cell line was obtained from the Type Culture Collection Center of Chinese Academy of Science (Shanghai, China). Cells were cultured in RPMI-1640 media (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) and maintained in a cell incubator with a humidified atmosphere at 37°C with 5% CO~2~.

### Magnetic activated cell sorting (MACS) and identification

The prominin 1 (CD133) antibody serves as a specific surface marker of nasopharyngeal cancer stem cells ([@b20-ol-0-0-5694]). MACS was performed using a Mini & MidiMACS Starting kit (MiltenyiBiotec GmbH, Bergisch Gladbach, Germany). A total of 1×10^8^ cells were collected and resuspended in a mixture of 300 µl buffer, 100 µl FcR blocking reagent and 100 µl CD133 magnetic beads (CD133 Microbead kit; Miltenyi Biotech GmbH). Following incubation at 4°C for 30 min, this mixture was added into the sorting column that was placed in the MACS separator. When the solution in the sorting column had drained, 1 ml of buffer was added into the sorting column twice. The sorting column was then removed from the MACS separator, and 5 ml of buffer was added into the sorting column to harvest the isolated CD133^+^ CNE-2 cells. The isolated CD133^+^CNE-2 cells were cultured in RPMI-1640 media with 10% FBS and maintained in a humidified atmosphere containing 5% CO~2~ at 37°C for further growth. Following isolation and culture, the isolated cells were identified using flow cytometry. The cells were collected and incubated with a phycoerythrin-labeled CD133 antibody (1 µg; cat. no., 130-080-901; MiltenyiBiotec GmbH) at 4°C for 10 min in the dark. Following washing with washing buffer, the cells were treated with 1% paraformaldehyde. The cells were then analyzed using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

### Transfection

Recombinant adenovirus containing specific short hairpin RNA (shRNA) for CXCR4 or the negative control was obtained from Hanbio Biotechnology (Shanghai, China). The sequence of shRNA and the negative control is presented in [Table I](#tI-ol-0-0-5694){ref-type="table"}. CD133^+^CNE-2 cells were seeded into a 6-well plate (1×10^5^ cells/well) and cultured in a 37°C incubator for 24 h. Subsequently, RPMI-1640 media containing the suitable adenovirus was added into each well and the cells were incubated in a 37°C incubator for an additional 24 h. The cell media was then changed to fresh RPMI-1640 media and cells were collected for subsequent experiments.

### Groups

Cells were divided into 3 groups: i) Isolated CD133^+^ CNE-2 cells (CD133^+^ CNE-2); ii) CD133^+^ CNE-2 cells transfected with CXCR4 shRNA (CXCR4 shRNA); iii) CD133^+^ CNE-2 cells transfected with negative control of shRNA (negative control).

### MTT assay

Subsequent to transfection, CD133^+^ CNE-2 cells and CD133^+^ CNE-2 cells transfected with shRNA or the negative control were seeded into a 96-well plate (1×10^4^ cells/well) in quintuplicate. Subsequent to a 48 h culture, 0.2 mg/ml MTT (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) was added into each well and incubated at 37°C for an additional 4 h. Following centrifugation at 112 × g for 10 min at room temperature, the supernatant was gently removed, 200 µl of dimethyl sulfoxide (Sigma-Aldrich; Merck Millipore) was added into each well and the absorbance at 490 nm was measured with a microplate reader (Biotek Instruments, Inc., Winooski, VT, USA).

### Apoptosis assay

Subsequent to transfection with either shRNA or the negative control, cells were collected for an apoptosis assay using an apoptosis detection kit (KeyGenBiotech Co., Ltd., Nanjing, China). Cells were washed with PBS and resuspended in 500 µl of binding buffer. Subsequently, 5 µl of Annexin V-fluorescein isothiocyanate (FITC) and 5 µl of propidium iodide were added into the cell suspension and incubated at room temperature for 15 min in the dark. The apoptosis level of cells in each group was measured using BD FACSCalibur flow cytometer.

### Matrigel assay

Matrigel (BD Biosciences) was diluted in 2-fold volume of serum-free media and Transwell chambers (Corning Incorporated, Corning, NY, USA) were precoated with the diluted Matrigel. Subsequent to transfection, cells in each group were resuspended in serum-free media to make a cell suspension (2.5×10^5^ cells/ml). Subsequently, 200 µl of cell suspension was seeded into the upper chamber and 800 µl of media containing 20% FBS was added to the lower chambers. The chambers were incubated in a 37°C cell incubator for 24 h. Cells above the micropore membranes were then removed using cotton swabs and cells below the micropore membranes were fixed with 4% paraformaldehyde and stained with hematoxylin. Images of cells in each group were captured with ×200 magnification, the average number of cells passing through the micropore membrane in 5 random views was calculated.

### Western blot analysis

Following transfection, cells in each group were collected for western blot analysis. Cells were lysed in NP-40 lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) with 1% phenylmethanesulfonyl fluoride (Beyotime Institute of Biotechnology). The protein concentration was measured using a BCA protein assay kit (Beyotime Institute of Biotechnology). Equal amount of protein from each group was subjected to 7 or 10% SDS-PAGE. The separated proteins were transferred to polyvinylidene fluoride membranes (Merck Millipore). Subsequent to blocking with 5% skim milk or 5% bovine serum albumin (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China), the membranes were incubated with the corresponding primary antibodies against CXCR4 (cat. no., BA0761; dilution, 1:400; Boster Systems, Inc., Wuhan, China), AKT cat. no., bs1810; dilution, 1:1,000; Bioworld Technology, Inc., Atlanta, GA, USA), phosphorylated (p)-AKT cat. no., bs4009; dilution, 1:1,000; Bioworld Technology,) and β-actin (cat. no., WL0001; dilution, 1:1,000; Wanleibio, Shenyang, China) at 4°C overnight. Subsequent to washing with Tris-buffered saline with Tween-20, the membranes were incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies (cat. no., A0208; dilution, 1:5,000; Beyotime Institute of Biotechnology) at 37°C for 45 min. The signal of the target protein was visualized using an enhanced chemiluminescence detection system (7sea Biotech, Shanghai, China) and the grayscale of target protein was analyzed using Gel-Pro-Analyzer version 4.0 software (Media Cybernetics, Inc., Rockville, MD, USA). The relative expression level of proteins was normalized to β-actin.

### Immunocytochemistry

Cells from each group were cultured on coverslips, fixed with 4% formalin and permeabilized with 0.1% TritonX-100. The coverslips were then treated with 3% H~2~O~2~ for 15 min to inactivate endogenous peroxidase. Subsequent to blocking with normal goat serum (Beijing Solarbio Science & Technology Co., Ltd), the cells were incubated with primary antibody against AKT or p-AKT (dilution, 1:100) at 4°C overnight. The cells were then incubated with biotin labeled secondary antibody (cat. no., A0277; dilution, 1:200; Beyotime Institute of Biotechnology) at room temperature for 60 min and HRP labeled streptavidin (cat. no., A0303; dilution, 1:200; Beyotime Institute of Biotechnology) at 37°C for 30 min. The cells were incubated with a 3,3′-diaminobenzidine detection system (Beijing Solarbio Science and Technology Co., Ltd.) and counterstained with hematoxylin. The cells were observed by optical microscopy and images were captured.

### Statistical analysis

Each experiment was performed 3 times. The data are presented as the mean ± standard deviation. Differences between groups were analyzed using a one-way analysis of variance. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Identification of nasopharyngeal cancer stem cells

Following the isolation of CD133^+^ CNE2 cells by MACS, CD133^+^ CNE2 cells were identified using flow cytometry. As shown in [Fig. 1](#f1-ol-0-0-5694){ref-type="fig"}, there were 0.157±0.12% CD133^+^ cells in normal CNE-2 cells. However, following isolation by MACS, the percentage of CD133^+^ cells increased to 89.6±2.89% (P=0.0018). This result revealed that the isolated cells were nasopharyngeal cancer stem cells.

### CXCR4 shRNA inhibited the growth of nasopharyngeal cancer stem cells

To explore the effect of CXCR4, a CXCR4 specific shRNA was used. Subsequent to transfection with CXCR4 shRNA, the protein level of CXCR4 was detected by western blot analysis. As shown in [Fig. 2](#f2-ol-0-0-5694){ref-type="fig"}, the CXCR4 protein level was decreased to 25±3% following transfection with CXCR4 shRNA (P\<0.0001). These results demonstrate that CXCR4 shRNA may effectively decrease the CXCR4 level.

An MTT assay was then performed to evaluate the effect of CXCR4 shRNA on the viability of nasopharyngeal cancer stem cells. Following transfection with CXCR4 shRNA, the viability of nasopharyngeal cancer stem cells was significantly inhibited comparing with cells transfected with the negative control ([Fig. 3A](#f3-ol-0-0-5694){ref-type="fig"}, P=0.0079).

Apoptosis is a key factor that influences the growth of cells. In the present study, the effect of CXCR4 shRNA on cell apoptosis was investigated. Results of apoptosis assay revealed that the apoptosis level of nasopharyngeal cancer stem cells was increased significantly following transfection with CXCR4 shRNA, particularly in the phase of early apoptosis ([Fig. 3B](#f3-ol-0-0-5694){ref-type="fig"}, P\<0.001). These results were consistent with the results of the MTT assay. The afore mentioned results demonstrate that CXCR4 shRNA inhibited the growth of nasopharyngeal cancer stem cells.

### CXCR4 shRNA inhibited the invasion of nasopharyngeal cancer stem cells

Migration is an important event in the progression of a tumor. The present study investigated the effect of CXCR4 shRNA on the invasion of nasopharyngeal cancer stem cells. Results of the Matrigel assay demonstrated that following transfection with CXCR4 shRNA, the number of cells passing through a micropore was decreased ([Fig. 4](#f4-ol-0-0-5694){ref-type="fig"}, P=0.0057), which indicates a decrease in the invasion capability of cells. These results demonstrate that CXCR4 shRNA inhibited the invasion capability of nasopharyngeal cancer stem cells.

### CXCR4 shRNA inhibited the AKT signal

The AKT signal has a close association with the proliferation and invasion of cells. Therefore, the present study explored the effect of CXCR4 shRNA on the activation of AKT in nasopharyngeal cancer stem cells. The protein levels of AKT and phosphorylated AKT were detected using western blot analysis. Results of the western blot analysis revealed that following transfection with CXCR4 shRNA, the protein level of phosphorylated AKT was decreased ([Fig. 5A and B](#f5-ol-0-0-5694){ref-type="fig"}, P=0.0182). These results indicate that activation of the AKT signal was inhibited by CXCR4 shRNA transfection in nasopharyngeal cancer stem cells.

Immunocytochemistry was also performed to evaluate changes in the AKT signal. As shown in [Fig. 5C](#f5-ol-0-0-5694){ref-type="fig"}, following transfection with CXCR4 shRNA, the protein level of phosphorylated AKT was decreased compared with cells transfected with negative control. These results are consistent with the results of the western blot analysis and demonstrate that CXCR4 shRNA inhibited the growth and invasion of nasopharyngeal cancer stem cells. The effect of CXCR4 shRNA may be associated with the inhibition of AKT activation, however additional investigation is required.

Discussion
==========

The present study explored the effect of CXCR4 on the growth and invasion of nasopharyngeal cancer stem cells. It was identified that knockdown of CXCR4 inhibited the viability and invasion of nasopharyngeal cancer stem cells, and promoted cellular apoptosis. Additional study into the mechanism underlying this revealed that the inhibition of cellular growth and invasion, as a result of CXCR4 knockdown, may be associated with the inhibition of AKT signal activation.

Cancer stem cells are a minor subpopulation of cancer cells that have similar characteristics to tissue stem cells ([@b21-ol-0-0-5694],[@b22-ol-0-0-5694]). Cancer stem cells possess the ability to grow, differentiate and metastasize quickly ([@b21-ol-0-0-5694],[@b23-ol-0-0-5694],[@b24-ol-0-0-5694]). As a result of these properties, cancer stem cells are regarded as a key factor that leads to tumor recurrence ([@b21-ol-0-0-5694],[@b22-ol-0-0-5694]). In the present study, CD133^+^ nasopharyngeal cancer cells were isolated and identified. If these cancer stem cells are not fully eradicated in the treatment of nasopharyngeal cancer, they grow quickly to form carcinoma *in situ* and even transfer to other locations, leading to the metastasis of nasopharyngeal cancer ([@b21-ol-0-0-5694]). These consequences are all disadvantageous to the therapy of nasopharyngeal cancer.

CXCR4 has been reported to be involved in the growth of various tumors and CXCR4 antagonists or siRNA are reported to possess anti-tumor activity. Ahmad and Amiji ([@b21-ol-0-0-5694]), Huang *et al* ([@b6-ol-0-0-5694]) and Porvasnik *et al* ([@b11-ol-0-0-5694]) revealed that CXCR4 antagonists inhibit tumor growth in brain, breast and prostate cancer. Smith *et al* ([@b10-ol-0-0-5694]) reported that CXCR4 antagonists or siRNA inhibited the growth of breast cancer cells. In the present study, knockdown of CXCR4 was revealed to inhibit the growth of CD133^+^ nasopharyngeal cancer cells. The cell cycle and cell apoptosis are important events that have crucial effects on cell growth. Liao *et al* ([@b25-ol-0-0-5694]) demonstrated that CXCR4 regulated the protein level of cyclin and cyclin dependent kinase, thus influencing the cell cycle process. CXCR4 shRNA also showed an anti-apoptotic role in CD133^+^ nasopharyngeal cancer cells in the present study. These previous studies and the current results indicate that CXCR4 has an effect on the growth of nasopharyngeal cancer stem cells.

CXCR4 signaling is involved in the process of cancer metastasis. The CXCR4 signal regulates the expression of matrix metalloproteinases and the degradation of the extracellular matrix, which is critical for cellular metastasis ([@b26-ol-0-0-5694],[@b27-ol-0-0-5694]). Epigenetic silencing of CXCR4 promotes loss of cell adhesion in cervical cancer ([@b28-ol-0-0-5694]). CXCR4 has an influence on the epithelial-to-mesenchymal transition process, regulating the expression of E-cadherin, N-cadherin, and vimentin ([@b25-ol-0-0-5694],[@b29-ol-0-0-5694]). CXCR4 signaling also has an influence on actin polymerization and cell skeleton rearrangement, thus regulating cellular migration ([@b30-ol-0-0-5694],[@b31-ol-0-0-5694]). Metastasis is usually the main cause of the mortality of patients with nasopharyngeal cancer. Luo *et al* ([@b4-ol-0-0-5694]) revealed that overexpression of CXCR4 is associated with the distant metastasis of nasopharyngeal cancer. The present study identified that knockdown of CXCR4 inhibited the invasion of CD133^+^ nasopharyngeal cancer cells. This result indicates that CXCR4 is associated with the metastasis of nasopharyngeal cancer stem cells.

The AKT signal pathway is involved in cellular growth, differentiation and metastasis. Various studies have revealed that there is a close association between CXCR4 and the AKT signal. Zeng *et al* ([@b32-ol-0-0-5694]) demonstrated that functional inhibition of CXCR4 lead to suppression of the AKT signal. Liao *et al* ([@b25-ol-0-0-5694]) also reported that the cell cycle regulation function of CXCR4 is associated with the AKT signal. Luo *et al* ([@b4-ol-0-0-5694]) revealed that CXCR4 activated the AKT signal and promoted the motility of nasopharyngeal carcinoma cells. The present study identified that the AKT signal was involved in the regulatory function of CXCR4 in nasopharyngeal cancer stem cells, which is consistent with the report of Luo *et al*. In addition, mitogen activated protein kinase and nuclear factor κΒ signals have also been revealed to be involved in the regulation mechanism of CXCR4 ([@b4-ol-0-0-5694],[@b25-ol-0-0-5694],[@b32-ol-0-0-5694]--[@b34-ol-0-0-5694]).

In conclusion, the present results demonstrate that knockdown of CXCR4 inhibited the viability and invasion of nasopharyngeal cancer stem cells and promoted cellular apoptosis. This function of CXCR4 knockdown may be associated with the inhibition of the AKT signal. CXCR4 knockdown resulted in effective inhibition of nasopharyngeal cancer stem cells in the present study. Additionally, CXCR4 is regarded as a prognostic marker of various types of cancer ([@b35-ol-0-0-5694],[@b36-ol-0-0-5694]). Inhibition of CXCR4 was reported to sensitize cancer cells to radiotherapy and chemotherapy ([@b17-ol-0-0-5694],[@b37-ol-0-0-5694]). Taken together, results from previous studies and the present study indicate that CXCR4 may become a promising therapeutic target in the treatment of nasopharyngeal cancer.

![Identification of nasopharyngeal cancer stem cells. Following isolation by magnetic activated cell sorting, the isolated CD133^+^ CNE-2 cells were identified by flow cytometry. Each experiment was repeated 3 times and the typical result is presented. Data are presented as the mean ± standard deviation. CD133, prominin 1.](ol-13-04-2253-g00){#f1-ol-0-0-5694}

![CXCR4 shRNA decreases the level of CXCR4 in nasopharyngeal cancer stem cells. (A) Following transfection with CXCR4 specific shRNA, the protein level of CXCR4 in nasopharyngeal cancer stem cells was detected by western blot analysis. (B) The relative expression level of CXCR4 was calculated and β-actin was used as an internal reference. Each experiment was repeated 3 times. Typical results were presented and the data are presented as the mean ± standard deviation. \*\*\*P\<0.001 compared with cells transfected with the negative control. CXCR4, CXC chemokine receptor 4; shRNA, short hairpin RNA; CD133, prominin 1.](ol-13-04-2253-g01){#f2-ol-0-0-5694}

![Knockdown of CXCR4 inhibits the growth of nasopharyngeal cancer stem cells. (A) Cellular viability was detected by MTT assay subsequent to transfection with CXCR4 shRNA. (B) Following transfection with CXCR4 shRNA, cell apoptosis was evaluated by flow cytometry. All experiments were repeated 3 times and the results are presented as the mean ± standard deviation. \*\*P\<0.01, \*\*\*P\<0.001 compared with cells transfected with the negative control. CXCR4, CXC chemokine receptor 4; shRNA, short hairpin RNA; CD133, prominin 1; FITC, fluorescein isothiocyanate; PI, propidium iodide.](ol-13-04-2253-g02){#f3-ol-0-0-5694}

![Knockdown of CXCR4 inhibits the invasion of nasopharyngeal cancer stem cells. Subsequent to transfection with CXCR4 shRNA, the invasion capability of nasopharyngeal cancer stem cells was evaluated using a Matrigel assay. The number of cells passing through the micropore membrane was calculated. Scale bar=20 µm. All experiments were repeated 3 times and the results are presented as the mean ± standard deviation. \*\*P\<0.01 compared to cells transfected with the negative control. CXCR4, CXC chemokine receptor 4; shRNA, short hairpin RNA; CD133, prominin 1.](ol-13-04-2253-g03){#f4-ol-0-0-5694}

![Knockdown of CXCR4 inhibits the activation of the AKT signal. (A) The protein level of AKT and p-AKT was detected by western blot analysis following transfection with CXCR4 shRNA. (B) The relative protein level of CXCR4 was calculated using β-actin as an internal reference. (C) The protein level of AKT and p-AKT was evaluated by immunocytochemistry. Each experiment was repeated 3 times. Typical results are presented and the results are shown as the mean ± standard deviation. \*P\<0.05 compared to cells transfected with the negative control. CXCR4, CXC chemokine receptor 4; p-AKT, phosphorylated AKT; AKT, protein kinase B; shRNA, short hairpin RNA; CD133, prominin 1.](ol-13-04-2253-g04){#f5-ol-0-0-5694}

###### 

Sequence of shRNA and its corresponding negative control (5′-3′).

             Forward primer (5′-3′)              Reverse primer (5′-3′)
  ---------- ----------------------------------- ---------------------------------
  shRNA      GATCCCCGACCACAGTCATCCTCATCTTCAAGA   AATTAAAAAGACCACAGTCATCCTCATCTCT
             GAGATGAGGATGACTGTGGTCTTTTT          CTTGAAGATGAGGATGACTGTGGTCGGG
  Negative   GATCCCCTTCTCCGAACGTGTCACGTTTCAAGA   AATTAAAAATTCTCCGAACGTGTCACGTTC
  control    GAACGTGACACGTTCGGAGAATTTTT          TCTTGAAACGTGACACGTTCGGAGAAGGG

shRNA, short hairpin RNA.
